This paper presents the groundwater modelling of Beni Abbes palm grove in Southwest Algeria. Beni Abbes oasis alluvial aquifer is part of the Saoura Valley aquifer system, including a loose slick contained in a Quaternary alluvial embankment that fills the Beni Abbes basin. To address local needs, industry and agriculture, groundwater has been intensively exploited in recent years. Groundwater of the Beni Abbes oasis in the Saoura Valley oasis chain, is composed of a complex system, whose layer of alluvial terraces ensures a vital role for a 40-hectare palm grove. Due to its architectural position in the local aquifer system, the alluvial aquifer is mainly fed by the Great Western Erg and sometimes by the Saoura River floods. Based on the hydrogeological, hydrochemical characterisation and hydrodynamic modelling of the alluvial aquifer system of the Beni Abbes oasis, the mathematical model of finite difference and finite difference at steady state leads to the estimation of the hydrodynamic parameters of the aquifer and the evaluation of the complete water balance. The main results of this study provide a better understanding of the geometry and functioning of this aquifer currently in a state of concern. Furthermore, it is necessary to undertake integrated water resource management in this oasis in order to ensure sustainable development.
INTRODUCTION
Beni Abbes oasis is located on the left bank of the Saoura Valley, 6 km long and 5 km wide on average over an area of 40 ha. Water is collected from the large spring, foggaras and wells dug in the alluvial terraces and the lower flow of the Wadi Saoura (the Saoura River). However, the phenomenon of groundwater salinity has become a serious threat. Indeed, groundwater salinisation, caused by several human and natural factors, leads to serious irriga-tion problems. As a result, 60% of the palm grove's surface area has since been degraded. Bayoudh disease (Fusarium oxysporum f. sp. albedinis W.L. Gordon), socio-economic transformations and sometimes bad decisions have contributed to palm grove deterioration. Large terrace waters have been severely polluted by salinity, with 70% of the water volume subject to increasing risks. Due to its geographical position, atmospheric precipitation at Beni Abbes is low and coupled with high evaporation (2153 mm•y -1 ) [MÉKIDECHE et al. 1995] . In addition to the excessive ex-ploitation of wells in the Saoura Valley terraces and the unregulated proliferation of wells in search of fresh water, an option for palm grove irrigation, this phenomenon has been considerably accelerated and has destroyed the entire hydrogeological system in this region. Hydrochemical analyses over a 40-year period show an alarming spatial and temporal evolution of salinity. On the one hand, the drying up of the Saoura Valley due to the impact of the construction of the Djorf Torba dam and, on the other hand, the high evaporation rate, have seriously affected the water quality of the current flux. This situation would only serve to reflect and propose solutions to remedy these constraints on the water resources of this region.
STUDY AREA LOCATION
Beni Abbes oasis is part of Saoura oasis. It is located between 02°30' and 00°50' West longitude and 30°50' and 29°00' North latitude about 240 km South-West of Bechar and 880 km South-West of Algiers as shown in Figure 1 . Saoura's main river, resulting from the junction of Wadi Guirand and Wadi Zouzfana as illustrated in Figure 2 , represents Sahara's main river in North-West region of Algeria. It is bordered to the East by the Great Western Erg, to the West by the Hamada of Guir and the Little Hamada. It reaches the Ugarta Mountains in lower Saoura [ALIMEN 1957; MENCHIKOFF 1933] . Due to its geographical position, Saoura Valley belongs to the Saharan area where climatic conditions are severe: low rainfall (<30 mm•y -1 ) and intense potential evaporation [DUBIEF 1963 ].
GEOLOGICAL AND HYDROLOGICAL CHARACTERISTICS
Beni Abbes oasis is located on a 500 m high plateau of Hamada de Guir (Fig. 1 ). This region is associated with the mountains of Ougarta, which are very diverse, ranging from the Precambrian to present [YOUSFI 1991] .
Palm grove alluvial aquifer covers an area of about 40 ha and a length of about 1 km. The region's arid climate is characterised by an average annual rainfall of 30 to 40 mm.
Geologically, the area is regionally associated with the Ougarta Mountains, which consist of a wide range of terrain from primary to present [ALIMEN 1957; MENCHIKOFF 1933] . Locally, Upper Devonian soils are known for their discordant resistance to Neocene, and then to Quaternary soils in the form of alluvium and wind accumulation, as illustrated in Figure 2 . This study focuses on the Quaternary and alluvial aquifer of the palm grove.
Several research works were conducted for Quaternary of the palm grove [ALIMEN 1957; CHAVAILLON 1964; CONRAD 1969] .
Saoura basin belongs to Sahara's major watershed. It is located in the South-West of Algeria and covers an area of approximately 100,000 km 2 . The basin is composed of four sub-basins of different size. They are drained by the descending rivers of the Moroccan Atlas and the Saharan Atlas and flow from North to South (Fig. 2) .
The Saoura River is vulnerable to flooding in autumn and spring, in the immediate vicinity of Wadi Guir and Wadi Zousfana. Saoura's water inflows are highly variable, with annual inputs estimated at 400 hm 3 at Beni Abbes and 350 hm 3 at Kerzaz [ROGNON 1994; VANNEY 1960] . As a result, Saoura River is experiencing a significant water scarcity [COTE 2002] .
Summer is hot and dry and winter is cold and dry. Annual evaporation rate is high (around 2153 mm•y -1 ). Precipitation in the study area is lower than that of evapotranspiration, so the water balance cannot be determined.
Alluvial terraces and inflow layers are a particular type of groundwater, constituted by wide dispersion of sand and gravel (alluvial terraces) shifted from Saoura, known as Saourien (upper Pleistocene) and Guirien (Holocene) - Figure 3 [YOUSFI, AIT AHMED 1991]. From a hydrogeological point of view, the subsoil of this oasis contains a system of groundwater complexes. Basically, this system is composed of well-defined and extensive groundwater from the Great Western Erg, fed by wadis (rivers) from the North, mainly from the Saharan Atlas.
The main source, generally referred to as the "Sidi Othmane Source", collects groundwater from this aquifer, with a flow rate of 26 to 33 dm 3 •s -1 respectively [MER-ZOUGUI et al. 2007; ROCHE 1973] . It has a two-fold function: drinking water supply and palm grove irrigation. This locality is the perfect outlet for this groundwater. Hamada du Guir groundwater is associated with the lake limestone deposits of the Tertiary. It is supplied by the few meteorological waters. This leaf is characterised by a low water capacity. In addition, groundwater in Paleozoic formations can be explored and it can be noticed that it constitutes a multilayer system ( Fig. 4 ).
Saoura Valley also includes aquifer us terraces. Neogene lithology allows water to flow through a natural drain to the aquifer of the palm grove. This explains the existence of a natural drain between the large waters of the Great Western Erg and the large waters of the terraces and infer-flows [BENNADJI et al. 1998 ].
The wells that have been monitored are generally large in diameter, concreted on their side walls, and the water supply is most often from the base. The water is used to irrigate the palm grove.
METHODS
Methodological approach used in this work is based on geological and hydrodynamic characterisation, analysis of aquifer geometry, piezometric maps and geological and hydrogeological sections.
NUMERICAL MODEL DESIGN
Modelling objectives are to quantify the natural flows transiting the aquifer and to understand the distribution of permeabilities allowing the reconstitution of piezometry. Thus, in order to properly manage the underground reservoir in all situations, it is necessary to better understand the hydrodynamic functioning of the aquifer system.
For this purpose, a modelling program called ASMWIN (Aquifer Simulation Model) developed in Switzerland (ETH Zurich) was used [KINZELBACH, RAUSCH 1995; MAILLOUX et al. 2002] for this study case. This model has been described in detail in several publications GOSSEL 2008; HANI 2018; OUELD BABA 2005; RENIMA 2018; SENOUSSI 2011] .
For any deterministic type of water modelling, three elementary physical laws are strictly necessary: mass conservation law, Darcy's law and state equations.
The integration of the three elementary equations of water circulation in a porous medium combines gives the diffusivity equation [BONNET 1978] .
Discretion is generally achieved by the finite difference method. If the meshes are square, the steady-state hydrodynamic equation is as follows:
Dupuit's hypotheses (horizontal velocities) describe the fact that the exchange balance is balanced [ROCHE 2005] :
Where: TCi is the transmissivity between meshes C and i.
Equilibrium equation applied to any mesh size is as follows:
AꞏS (Ht + dt -Ht)/dt = Q + Inf + i = 1 Tt (Ht,i -Ht) Where: A -area of the mesh (= dx2 for a square mesh of side dx); S = storage coefficient (free or captive, as appropriate); Ht: charge at the date t; t = time; dt = a time step; i = number of meshes in North, South, East and West; Inf = infiltration.
GRID DESIGN
The map presented in Figure 5 is used as a reference and the model is obtained by scanning the topographic map at 1:1000. For spatial discretization, a uniform square mesh of 25 m side length was placed over 1 km 2 of the area, of which 800 meshes were active, as shown in Figure 6 . 
BOUNDARY CONDITIONS
Alluvial filling of Beni Abbes palm grove has been studied in its entirety, and it can be considered as a single layer for the model. Domain boundaries were defined in accordance with the section established by ROCHE [1973] .
Neogenetic formations represented by the Hamas cliff of the Great Western Erg are located in the eastern part. To the West, the filling is limited by the neogenetic formations of Guir Hamada. The following boundary conditions have been imposed ( Fig. 6 ): -East: limit of inlet flow imposed (erg supply), -West: limit of output flow imposed (wadi), -South and North: a zero flow limit imposed.
RESULTS AND DISCUSSION

DEPOSIT CONDITIONS AND FEEDING
Beni Abbes palm grove is located at the base of the Great Western Erg, along the Saourien and Guirien wadis, opposite Mio-Pliocene cliff.
Early on, the Beni Abbes oasis was most likely important because of the existence of a single source in the Saura River that irrigates only the main palm grove and provides drinking water to part of the population. The Middle and Upper Devonian formed the rock base of the Hamada in the region. A statistical study of the cracks in the slab of the cliff provides an understanding of the circulation pattern in Hamadien formations.
Water from these neogenetic lands flows through the Quaternary alluvial terraces. The palm grove of Beni Abbes is fed by the infiltration of water from the large spring used for irrigation. The lateral contribution of the Mio-Pliocene is then secondary [ROCHE 1973 ]. The thickness of the aquifer varies between 10 and 20 m.
The influx of wadis, i.e. the level of the base of the aquifer, would be located around the raft at 453 m a.s.l.
Aquifer systems consist of two lithological units: limestone and sandy marl from the Mio-Pliocene and Quaternary formations.
As a result, the reservoir consists of three layers of Quaternary deposits (sand, sandy clay, conglomerate) with an average thickness of 15 m, all resting on a folded schistose substrate from the Upper Devonian (Fig. 7) .
HYDRODYNAMICS AND PIEZOMETRY
Water from the great spring irrigates the palm grove and wells are dug in the alluvial aquifer. Continuous discharge flow is close to 8 dm 3 •s -1 [2008 and 2016] , with 1/3 of the amount discharged in the 1960, 0.22 dm 3 •s -1 •ha -1 or an irrigated flow of 683 mm•y -1 .
Sources and foggara draining water in the Neogenic slope provide a total flow rate of less than 3 m 3 •h -1 , the other flow rate crossing the lower beds of the Mio-Pliocene then into the Quaternary terraces (80 dm 3 •s -1 ). A total flow rate of 83 dm 3 •s -1 . Quaternary formations transmissivity, calculated on two piezometers (one located 200 m North of the ksar and the other near the deposit), is equal to 2.10 -4 and 4.4.10 -4 m•s -1 [MERZOUGUI et al. 2007 ].
Storage coefficient values at the palm grove range from 2.10 -2 and 6.10 -2 in the North, to 10 -2 and 10 -3 in the South. The piezometric map provided in 1991 ( Fig. 8) was similar to the one drawn up in April 2016. It presents a general flow from the North-East to the South-West.
Groundwater inputs from the Great Western Erg (15 dm 3 •s -1 ), water flows through a natural drain and seguias, throughout the slope and by infiltration of irrigation water from the large spring (the part reserved palm groves 11 dm 3 •s -1 ), for a total flow of 26 dm 3 •s -1 .
Average water level depth of the palm grove relative to the ground is about 2 to 10 m.
In Beni Abbes oasis, the exploitable water resources are limited. Therefore, the Great Source presents a flow rate of 28 dm 3 •s -1 , foggaras' flow rate is of 5 dm 3 •s -1 , drilling's flow rate is of 10 dm 3 •s -1 , while the wells loaded with salt water have an estimated flow rate of 2 dm 3 •s -1 each. A total of 50 wells are dug in the alluvial terraces.
Salinity diffusion, where a spectacular spread of salinity is observed, affects 70% of the water mass of alluvial terraces. Unreasonable use of water resources due to changes in user segregation such as inadequate irrigation systems, waste and social changes, have effectively contributed to the deterioration of groundwater. Wastewater discharged without prior treatment in Wadi Saoura can pollute groundwater and pose a threat to public health, the environment and ecological balance.
WATER QUALITY AND SALINITY
The hydrochemical data series collected is discontinuous, but it is very useful in studying the spatial and temporal evolution of physico-chemical constituents. Nevertheless it allows histograms and quantities of dissolved salts to be drawn, as well as exogenous salinity migration.
Currently, a clear trend from west to east is highlighted, with retrograde hydrochemical zoning from more than 15 g•dm -3 to less than 6 g•dm -3 (Fig. 9) . The dissolution processes of gypsum, halite or anhydrite promote the salinization of groundwater. It also corresponds perfectly with the under-saturated of water state covered by these minerals. Fig. 9 . Map of the spatial evolution of the total dissolved solids (TDS); source: own study Cationic exchange phenomena and dissolution/precipitation processes of carbonate minerals (calcite, dolomite and aragonite) are generally responsible for the variation in cation concentrations (Ca 2+ , Mg 2+ and Na + ) in Saoura groundwater [LACHACHE et al. 2018] .
With regard to groundwater in the palm grove alluvial aquifer, the evolution is clearly evident from West to East.
The values of cations and anions are multiplied by 3 to 7 on zone 3, twice on zone 2 and 1.5 times on zone 1. The waters of the erg web contain calcium sulphate, as shown by the analyses of the large source.
The spatial evolution map of the total dissolved solids (TDS) allowed to identify three zones of salinity, from the least concentrated zone 01 (0.3 to 3.0 g•dm -3 ) in the palm grove centre (zone 2: from 3 to 7 g•dm -3 ) to a zone 3 and zone 4 more concentrated (20 g•dm -3 ) the edge of Wadi Saoura (Fig. 9) .
Dry groundwater tailings values range from 850 to 9245 mg•dm -3 , while TDS values range from 861 to 9467 mg•dm -3 .
HYDRODYNAMIC MODELLING AND DEVELOPMENT
The steady-state and transient numerical model has made it possible to refine the spatial distribution of permeability and transmissivity over the entire domain and to establish the balance of the transient steady-state aquifer in a single-layer aquifer. A good calibration in state and transient conditions has been demonstrated by the maximum points very close to the law (Fig. 10) . After the permanent calibration of the steady-state simulation, the model restored the hydrological balance of the alluvial layer of Beni Abbes palm grove, namely the recharge, lateral inflows and the quantity of water withdrawn from the wells. Table 1 presents the distribution of outflows at the limits or the overall assessment, from which the model results are presented. For a practitioner, permeability is the most important result because its maps help to guide the location of agricultural wells KOUANE 2008] .
Therefore it can be noticed: -an zone with very low permeability of the order 1.2•10 -4 m 2 •s -1 , -a zone of low permeability of about 4•10 -2 m 2 •s -1 in the western part of the ksar, -a zone of strong permeabilities of the order of 0.11 m 2 •s -1 . Figure 12 for calibration of the model, we adopted a zonation highly cut-off permeabilities to account for the heterogeneity of the aquifer. Five beaches permeability includes between 10 -5 and 10 -2 m 2 •s -1 have been defined (Fig. 12) .
As shown in
Calibration of the transient model has refined the spatial distribution of the aquifer storage coefficient (Fig. 13 ). This parameter's zoning coincides with the geological nature and thickness of the aquifer. 
NUMERICAL MODEL AND SIMULATION RUNS
Among the issues raised, the evaporation losses in the development of the model were not considered, a disadvantage of the ASMWIN model on the one hand, and the required answers to be provided on the other: source: own study Fig. 13 . Storage coefficient adopted for calibration of the transient model; source: own study -construction of a groundwater dam and its impact on changing groundwater behaviour; -influence of artificial recharge by treated water in annual modulus; -in the alluvial aquifer, the accuracy of the calibration is affected by the inaccuracy of the sampling in the aquifer as well as by the permeability and transmissivity data of the alluvial aquifer; the calibration consisted of visualizing a level drop between 0 and 2 m. In addition, a simulation of aquifer exploitation over a 20-year period was carried out. This simulation shows an exploitation of the aquifer with the same current regime.
The results of this simulation are presented by the evolution of the piezometric level in three areas, at the edge of the erg in the centre and west of the palm grove.
The curves presented in Figure 14 show a decrease in the piezometric level of about 2 m in the entire groundwater. The maps of the calculated potentials and drawdowns resulting from this first simulation show a decrease in the water level of several meshes located south of the palm grove with significant pumping in this area.
Moreover, a simulation with the construction of a groundwater dam (Fig. 14) was also conducted. The creation of a groundwater dam west of the palm grove, along the entire length of the aquifer, at the edge of the wadi, 400 m wide and 10 m high. The dam will be located one metre below ground level. This hydraulic structure will increase the water level of the groundwater table by storing water from the natural drain of the alluvial aquifer, the groundwater table of the erg.
The 10-year simulation, while maintaining the same operating regime, shows an average water level rise of 2 to 3 m in the centre of the palm grove and to the south with a slight decrease to the west.
Finally, a simulation with artificial recharge of purified wastewater (Fig. 15 ) was performed. An artificial recharge of about 28 dm 3 •s -1 was assumed using treated wastewater, Well which was then injected into nine wells and a recharge of the entire area to be modelled, in the presence of the groundwater dam. Two scenarios were identified that show that artificial recharge by direct infiltration into the wells, causing a significant rise in the piezometric level that can be harmful to the palm grove.
The curves that represent the variation in water level drawdowns show a significant increase in groundwater level.
However, the second scenario, with artificial recharge throughout the field, maintains the same height of the water level as the transitional regime.
RECOMMENDATIONS
Based on this case study, several recommendations can be considered: -an improvement of Tighira's traditional irrigation water sharing system, through the construction of four large storage basins; -an improvement of traditional hydrotechnics, in order to modernize this system, by maintaining the sharing of the quantity of water inherited from each owner of the palm grove.
It should be noted that the foggara network (Saoura, Gourara, Touat and Tidikelt),an ingenious technique for collecting and using water, which was significant in the past, is now neglected, because this ancestral technique no longer has a place in today's modern world.
Half the foggaras no longer work. For example, the wilaya of Adrar has a total of 1400 foggaras, of which 907 foggaras are permanent (in service) and 493 foggaras have been dried (35% of foggaras -not in use) [SENOUSSI, BEN-SANIA et al. 2011 ]. Modern techniques make it possible to reach deep groundwater, mobilise a larger amount of water and the pivots ensure that large areas are watered.
Saoura Valley foggaras and especially the Beni Abbés Oasis foggaras are also abandoned. The balance wells remain inanimate, testifying to a glorious past of physical effort.
However, this technique is in decline due to the lack of maintenance and rehabilitation, and so the traditional oasis, long celebrated, is gradually declining and community water management is erasing the oasis culture. National agricultural development programmes, aimed at giving a second wind to these oases, by creating new areas, are facing serious irrigation problems. Thus today, the "land of the foggaras" adheres to the short distance and competes with the most modern forms, but all face the problem of water.
Recovery and reuse of treated wastewater for irrigation has a plausible alternative, for which this case study propose an optional lagooning system for wastewater treatment that takes into account the quantitative elements of discharges and qualitative water.
CONCLUSION
Lithological, climatic and soil conditions in the alluvial layer of the palm grove have led to intensive use of groundwater for irrigation. Consequently, the problem of protecting the aquifer against saline invasion of inflow and contamination of freshwater bodies, its main outlet, the aquifer of the terminal complex (groundwater of the Great Western Erg). Despite the unreliability of some of the data collected, hydrogeological, hydrochemical and hydrodynamic modelling of the aquifer system of the Beni Abbes palm grove has made it possible to identify and analyse approximately the behaviour of the piezometric level and how the system works. The hydrochemical analysis of a profile confirms that the numerical modelling of slow groundwater flows in the aquifer system was carried out under stable and transient conditions. The steady state and transient calibration allowed a distribution of the transmissivities to be made.
Groundwater is in deficit, where the influence of climate change on groundwater recharge is insignificant, while the natural drain that permanently supplies the alluvial aquifer has a limiting factor in recharge, there is an increase in water, on the contrary in dry periods. The multiplication of hydraulic structures leads to an overexploitation of the palm grove's water and a significant drop in the piezometric level.
The proposed sampling for the hydrochemical study covered 17 wells located in the palm grove. Samples were collected in March and April 2016 and analyses were carried out in ANRH laboratories, Adrar region. Analysis of global mineralisation, physico-chemical parameters and pollution parameters [NO 2-, NO 3-] was performed. A piezometric and hydrodynamic campaign was carried out on the alluvial layer of the palm grove. Twenty-one wells in the palm grove were monitored worldwide. Two piezometric surveys were carried out in April for the years 2008 and 2016. This data was compared with the 1963 data provided by Roche in 1973 . A series of pumping tests determined the hydrodynamic parameters of the aquifer. The hydrodynamic modelling of the Beni Abbes palm grove by the ASMWIN programme has made it possible to understand the hydrodynamic functioning of the aquifer, by estimating the lateral recharge of the aquifer and the effective recharge of infiltration and the influence of the pumped samples on groundwater flow. The steady-state numerical model has made it possible to refine the spatial distribution of permeability and transmissivity over the entire domain and to take stock of the steady-state aquifer. The transient model refined the spatial distribution of the aquifer storage coefficient.
The exploitation of the model by carrying out the scenarios made it possible to define the future behaviour of groundwater in the event of overexploitation and artificial recharge of purified water.
